Background: Post-adolescence is known to be a period of general maturation and development in the human brain. In brain imaging, volumetric and morphologic cortical grey-matter changes can easily be assessed, but the analysis of cortical complexity seems to have been broadly neglected for this age interval.
Background
Morphological changes in the brain occur throughout life span [1, 2] , involving grey matter (GM) and white matter (WM) and affecting both brain structure and shape complexity [3] [4] [5] [6] . From post-mortem studies it is known that cellular changes, as regionally variable synaptic pruning [7] together with increased myelination of intra-cortical fibres [8] continue during childhood and adolescence, and that this may underlie structural changes observable at MRI resolution [1] . The total GM volume peaks during childhood/adolescence and decreases immediately afterwards [2] . Sowell et al. [9, 10] also reports a significant reduction of GM density from childhood to adolescence and from adolescence to young adulthood. The latter is a critical period for general maturation and development, with cognitive, emotional and social implications [10] . Analyzing brain structure at various stages of development and aging provides thus clues to the variation of cognitive performance seen throughout the human life span [1, 11] , and maturation and aging may be seen as two different processes that occur during the life-span, partly overlapping and without a clear demarcation between them [12] .
Furthermore, GM volume variations do not only follow a complex pattern of maturation, but the peak of change differs for males and females across brain lobes [13] . Sex differences in grey-white matter composition have been reported [14] . This dimorphism in brain structure development has been explained through physiological changes during brain development related to the action on sex steroid receptors [15] [16] [17] , with adolescence being the age where the majority of steroid-dependent remodelling brain changes take place [18] . Gender differences in brain structure development were reported at the level of the whole brain, cerebral hemispheres, different lobes, and even specific regions and areas within a lobe [16, 19] . Brain morphological dimorphism is consistent with cognitive functions development e.g. better language abilities for women and better spatial performance for men [20, 21] . However, while volumetric measurements provide important quantitative information, they do not reflect changes of shape irregularities of the cortical mantle that might appear during development accompanying volumetric changes of grey matter -for the same volume the shape could be different. Similarly, surfacearea measurements of the brain alone do not provide information about the shape because the surface of the brain consists of a succession of foldings described by gyri (convolutions) and sulci (fissures) which confer a variability of the cortical surface visible at the macroscopic level. The anatomical pattern of the cortex ranges in shape complexity, can be different from one region to another, and varies across individuals according to age and gender [3, 22] . A possible way to quantify the changes of the cortical sheet is the fractal dimension (FD), which measures the shape complexity quantifying the spatial frequency of the "irregularities/details" of the cortical shape into a single numeric value [23] . FD may be seen as an estimation of gyrification, through a combination of sulcal depth, the frequency of folding, and the convolution of gyral shape [24] . The higher the irregularities and details of cortical surface, the higher the FD values. Being a natural fractal, an individual brain or parts of it can be characterized by their own fractal dimension and allow comparisons between subjects and groups in different stages of development and aging, in the absence of disease or in pathological conditions. Wu et al. have computed FD during fetal life [25] and shown that the increasing values of FD are positively correlated to the gestational age, and particularly after 28 weeks of gestation the value of FD increases more rapidly because of faster development of convolved folds. In the same study a comparison was done between a group with cortical dysplasia and a matched control group, the low FD found in the first group showing that developing delay might mean less cortical complexity. Another study was done by Esteban et al. for infants at 12 months of age where a significant decrease of the FD was found in a group of infants with intrauterine growth restriction when compared with preterm or at-term controls suggesting higher vulnerability on the developing brain in the first group [26] . Blanton et al. [3] found an increasing fractal complexity in frontal lobe regions when analysing children between 6 and 16 years old. This finding may reflect subtle reorganization of sulcal topography with increases in secondary branching in the frontal lobe with age, myelinisation and synaptic remodelling that continue in the second decade of life being most likely responsible for these modifications [3] . In adults, cortical complexity measured by FD is also positively correlated with the number of years of education and the intelligence quotient [24, 27] . The FD declines in elderly people as gyral crowns became narrower and sharper and sulci became flattened and opened up [28] [29] [30] .
However, the period between adolescence and adulthood seems to be overlooked for FD measurements. The volumetric measurement differences from post-adolescence should raise interest into investigating their "counterpart" in structural description, namely the cortical complexity.
The purpose of the present study is to investigate the applicability of cortical complexity methods in the postadolescence period according to gender. The methods used for the calculation of FD were already published [31] , but a more regional calculation of FD is done such as for individual lobes, left (LH) and right (RH) hemispheres, and for the whole brain (WB). The FD methods were applied on GM structure (cortical ribbon) similarly to the paper by King et al. [32] . A measurement of GM volume was also done for all regions mentioned and the measurement of the surface-area for the cortical ribbon was done for WB and each hemisphere separately. The subjects from both groups were selected having as main criterion "no learning disorders" since they were initially recruited as control groups for different dyslexia studies. The adolescent group comes from a common pool of subjects used as control group in previous publications [34] [35] [36] [37] and their corresponding MR images which met the technical criteria to be processed in FreeSurfer were selected. The adult group was planned to serve as control group for another dyslexia study which was not finalized. A further motivation was a study by Sowell et al. [9] who found post-adolescence changes comparing groups of adolescents and adults of ages similar to subjects in this paper, allowing comparison with their results.
Methods

Subjects
Written informed consent was obtained from all subjects and, in the case of adolescents, it was also obtained from their parents. The subjects were also required to sign an informed consent letter about health status disclosure. Prior to the scanning, the subjects and, in the case of adolescents, their parents were interviewed by an MR technician about health status, including routine questions associated with MR safety screening. The study was approved by the Regional Ethics Committee for Medical Research (REK-Vest).
Image acquisition
MR scanning of the subjects was performed on a 1. 
Image processing
The volumetric analysis, using the FreeSurfer software package (version 4.5.0) [38] [39] [40] was based on two consecutive T1-volumes acquired during a single examination. Skull stripping [38] , intensity normalization, and Talairach conversion [39] was performed on FreeSurfer-specific volumes (*mgz) converted from DICOM images. Then, the volumes were averaged to improve signal-to-noise ratio and obtain a better representation of the volume. The automated procedures for volumetric measurements of the cortical mantle are described in [40] [41] [42] [43] [44] .
In the following step, a subcortical segmentation was performed [44, 45] . The segmentation produces volumes for a number of subcortical structures. Using training data, the procedure classifies each voxel of the image as belonging to a subcortical region found automatically from manual labeling of a training set [46, 47] . This classification is based on the voxel's location in the volume, the neighbouring voxels' tissue classes, and the intensity value in each voxel. It has been shown that this automatic labeling procedure is comparable in accuracy to manual labeling [44] . In addition, the volumetric method used in FreeSurfer obtained good results compared to other automated methods for the calculation of the GM for brain image [48] .
For all subjects, it was necessary to control the results after both the surface reconstruction and the subcortical segmentation processes due to differences in image quality and biological variability. We corrected the errors in the surface reconstruction and in the subcortical labeling using the methods described in [45] . Volumes were then re-processed. Lobes were defined according to Freesurfer convention ( Figure 1) . To extract the surface of the grey matter structure, delimitated by the pial border on the outside and the grey-white matter border on the inside (Figure 2) , expressed in voxels, a code in Matlab R2012a (MathWorks, Natick, MA, USA) was used.
Calculation of the fractal dimension
For the calculation of the FD for the segmented GM structure the box-counting (BC) and Minkowski-Bouligand (MB) methods were used. The analyses were based on in-house developed software written in Matlab R2012a. The details of the methods have been described in a previous study [31] .
Box-counting (BC) method
The GM structure (GM ribbon) is covered with 3D boxes in the BC method, which are arranged in a regular lattice and the boxes containing the GM are counted ( Figure 3A ). The number of boxes (N) needed to cover the whole structure varies with the linear size (r) of the box as N~r -D , where D is the fractal dimension.
For non-Euclidean objects, D is a non-integer number. This refers to the fine structure of the fractals, i.e. by decreasing the size of the ruler one covers more details. For the results presented in the present study, the edge length of the boxes was increased by one voxel per iteration, within the range from r = 2 to r = 30 voxels for whole brain and hemispheres and within the range r = 2 and r = 14 for lobes.
Minkowski-Bouligand (MB) method
For the MB method, the studied structure is covered with spheres of radius r ( Figure 3B ), resulting in a dilatation V(r) of the original object. The fractal dimension D for an object embedded in a 3 dimensional space is given by the function:
In the study, for each cycle of the procedure, the linear size r was increased by one voxel per iteration, within the range from r = 1 to r = 7 voxels.
Results
The results show FD measurements using two different methods, BC and MB method and the measurements of GM volume. Each measure was computed for the whole brain, each hemisphere, as well as for lobes.
The comparisons were done between the adolescent and the adult group according to gender (i.e. boys with men and girls with women). The comparisons were based on nonparametric tests -Mann Whitney Test using SPSS Statistics 20 package.
FD measurements
The between-group analysis showed that the adults have significantly lower FD than the adolescents. This was true in both genders for the whole brain, both hemispheres, and frontal and parietal lobes bilaterally. Findings were reproduced locally in the left temporal lobe for males only ( Table 1) . The results for BC and MB methods are similar, lending confidence to the methodological approach (Table 1) .
GM volume and surface
Volumetric analysis revealed a post-adolescent reduction in GM volume in almost all regions for males ( Table 2) . For women the GM reduction was found in the right parietal lobe only (Table 2 ). An investigation was done on the measurements of the surfaces of GM structure at the level of whole brain, left and right hemispheres. The decrease of the GM surface was significant in postadolescence for males (whole brain: p = 0.022, U = 5; left hemisphere: p = 0.010, U = 3 and right hemisphere p = 0.032, U = 6), but not for females.
Correlations
Correlations were found between GM volume and FD in several regions, for example for whole brain and each hemisphere separately (Pearson R = 0.499 -0.864, p = <0.001-0.039) for both genders (Table 3) . No Pearson correlation was found between FD and GM surface at the level of whole brain, left and right hemispheres for males or females.
Discussion
The current study shows the applicability, as a proof of concept, of a novel method of analysis, complementary to the classical volume and surface measurements. Summarizing the main findings, the adult group has lower FD values than the adolescent group for frontal and parietal lobes in both genders (Table 1) . Using two different methods to compute fractal dimension and obtaining almost the same results shows once more that the measure of cortical complexity is accurate and sensitive in detecting age related GM structural changes. The reduction of FD values is correlated to reduced GM volumes, especially in males. The reduction of GM surface-area was significant only in the male case.
A similar reduction of the FD value with age has also been found by Zhang et al. [5, 29] and Lee et al. [28] but in another age group, where the comparison was made between adults and elderly people. Here, the fractal complexity was reduced with age as the surface of the brain becomes smoother and the sulci become wider and less curved with increasing age [30] . It is, however, an open question whether the FD effects seen in adults are a continuation of the reduction of FD that already begins in adolescence or if it represents a discontinuity with the involvement of different mechanisms. It is not clear the precise moment when development (e.g. pruning or activity-dependent changes) turns into a degenerative process. On the other hand, Kalmanti and Maris [4] proposed that childhood and adolescence are the most significant brain remodelling periods throughout life, analysing 2D fractal dimension from a series of parasagittal slices. The structural complexity of the brain during development between the age 6 and 16 years revealed an accentuated increase in frontal regions in both hemispheres [3] . While the fractal complexity of Successive images of the cortical ribbon covered with boxes with increasing size, respectively increasing "dilatations". The illustration is done on the middle coronal slice extracted after the construction of the boxes/dilatations on the three dimensional brain. the brain between adolescence and adulthood seems not to have been the topic of previous studies, Sowell et al. [10] reports post-adolescent GM density loss in many regions of the brain, registering as one of the biggest losses during the life span. Certain regions are expected to be largely mature by adolescence such as the lateral temporal lobes, which are involved in auditory and speech processing, and the parietal association cortices involved in spatial orientation processing and sensory functions [10] . A more precise time for the maturation of these regions should also implicate gender as a factor [15] .
In addition to the FD reduction in frontal and parietal lobes for both genders, there is a particular difference for males in the left temporal lobe, where FD also decreased significantly between adolescence and adulthood. Assuming that the majority of brain regions where the FD is not significantly modified have largely reached the maturation, significant local FD differences could suggest a genderdependent latency in maturation for the respective region. The remodelling of the cortical architecture in the left temporal lobe could be associated with the improvement of speech abilities [49] . The function of the left temporal lobe is not limited to speech perception, it also includes complex functions of language abilities (eg. comprehension and verbal memory) which might develop less or with latency in males compared to females [19] [20] [21] .
No significant differences in complexity were found in occipital lobes for both genders. There are also other regions in each gender where no significant changes were detected, as already discussed above, suggesting that these regions are less anatomo-structural variable during postadolescence and that their corresponding functions are developed by adolescence or earlier [3] . The reduction of GM is supported by previous findings [1, 10, 14] , and may indicate a global effect on brain maturation and development with a decrease in GM volume from adolescence to adulthood. The reduction of the GM volume in this age interval is significant in almost all measurements for males, but just in one measurement -right parietal lobe-for females. The average age difference at puberty is approximately 1 to 2 years, earlier in females than males, and the GM volume peak occurs with a similar age difference, earlier for females [14, 17] . Based on this difference we can suppose that the GM volumes corresponding to brain maturation might be attained in females before the analysed interval in our study (14.1-24.24 years old). However, the significant reduction of GM in right parietal in females suggests that there are still brain regions and corresponding cognitive functions in process of maturation in females in this interval. Behind this volumetric finding could be the functional aspect, noticed by Christakou et al. [50] , who found more mature parietal activation patterns, even more in right hemisphere, in males than in females. The activation patterns were recorded during cognitive tasks of visuospatial information processing in adolescent and adult subjects (13 and 38 years old, respectively) [50] .
Limitations
The variability among subjects for height, weight, gender and even age is a well-established fact and reflected in different head size [51] . The correction of the cortical brain volumes according to head size/total intracranial . The significant comparisons are written in bold, where LH = left hemisphere; RH = right hemisphere and WB = whole brain.
volume is pertinent for volumetric comparison between subjects and groups, but in our study the comparisons were done for volumes uncorrected for the head size. However, at least in theory, the FD should not be related to volume [30] . Another potential confounder in the results is the lack of IQ measurements for the adult sample especially since the student population is likely to have a higher IQ than the slightly-above-average-IQ adolescent group and thus it could introduce a bias in the group differences. The cross sectional nature of the study is another limitation, a longitudinal study with a larger number of subjects could consolidate our findings. Another limitation could be the "partial volume" effect, a technical aspect that might appear in MRI on T1-weighted images, inducing an apparent loss of cortical GM as a result of increased degree of myelinisation of intra-cortical fibers [13, 16] from birth to adulthood [8] . The fact that subjects in the current study are in the sensitive age interval when this effect occurs, could influence the results.
Conclusion
The present findings demonstrate that during post adolescence there are changes in cortical complexity in both genders. Specific sex differences in brain complexity for this age interval could suggest a delayed maturation in left temporal lobe for males. This difference might be explained through the functional role of the corresponding regions reflected in developed cognitive abilities. The measurement of FD, volumes and surfaces can contribute to a battery of tests capable of estimating the degree of brain maturation and implicit age-specific cognitive development. Correlations between grey matter volume and fractal dimension for females, respectively males for the following regions: GM-LH = grey matter volume of left hemisphere; GM-RH = grey matter volume of right hemisphere; GM-WB = grey matter volume of whole brain; FD-LH = fractal dimension of left hemisphere; FD-RH = fractal dimension of right hemisphere; FD-WB = fractal dimension of whole brain. The significant values are written in bold.
